The precise regulation of protein activity is fundamental to life. The allosteric control of an active site by a remote regulatory binding site is a mechanism of regulation found across protein classes, from enzymes to motors to signaling proteins. We describe a general approach for manipulating allosteric control using synthetic optical switches. Our strategy is exemplified by a ligandgated ion channel of central importance in neuroscience, the ionotropic glutamate receptor (iGluR). Using structure-based design, we have modified its ubiquitous clamshell-type ligand-binding domain to develop a light-activated channel, which we call LiGluR. An agonist is covalently tethered to the protein through an azobenzene moiety, which functions as the optical switch. The agonist is reversibly presented to the binding site upon photoisomerization, initiating clamshell domain closure and concomitant channel gating. Photoswitching occurs on a millisecond timescale, with channel conductances that reflect the photostationary state of the azobenzene at a given wavelength. Our device has potential uses not only in biology but also in bioelectronics and nanotechnology.
The precise regulation of protein activity is fundamental to life. The allosteric control of an active site by a remote regulatory binding site is a mechanism of regulation found across protein classes, from enzymes to motors to signaling proteins. We describe a general approach for manipulating allosteric control using synthetic optical switches. Our strategy is exemplified by a ligandgated ion channel of central importance in neuroscience, the ionotropic glutamate receptor (iGluR). Using structure-based design, we have modified its ubiquitous clamshell-type ligand-binding domain to develop a light-activated channel, which we call LiGluR. An agonist is covalently tethered to the protein through an azobenzene moiety, which functions as the optical switch. The agonist is reversibly presented to the binding site upon photoisomerization, initiating clamshell domain closure and concomitant channel gating. Photoswitching occurs on a millisecond timescale, with channel conductances that reflect the photostationary state of the azobenzene at a given wavelength. Our device has potential uses not only in biology but also in bioelectronics and nanotechnology.
Many proteins function like molecular machines that undergo mechanical movements in response to input signals. These signals can consist of changes in voltage, membrane tension, temperature or, most commonly, ligand concentration. Ligands provide information about events in the external world or about the energetic or biosynthetic state of the cell. They can be as small as a proton or as large as a whole protein. In allostery, ligand binding induces a structural change of a sensor domain, which propagates to a functional domain of the protein and alters its behavior. Such conformational control can operate over long distances, crossing a membrane or passing from one protein to another in a complex.
Reengineering of nanoscopic protein machines to contain artificial control elements would be a major benefit for biology and technology. Optical switches would be especially powerful, as they could be activated remotely with precise temporal and spatial control 1, 2 . A simple design strategy would be to modify a protein by attaching a synthetic ligand whose binding ability could be altered by light. These ligands tethered via an optical switch could function in two ways. They could conditionally block the active site of an enzyme or the pore of a channel without inducing major conformational changes in the protein, or they could reversibly present an agonist to an allosteric binding site and conditionally trigger the normal conformational changes of activation (Fig. 1a) .
An early version of an optically controlled system was reported in 1980 (ref. 3) in the form of a nicotinic acetylcholine receptor that could be photoactivated via a tethered choline analogue. This work lay dormant for many years because of the difficulty of generalizing the approach to other proteins in the absence of crystal structures and modern approaches to protein engineering. Recently, success was reported for a light-gated 'nanovalve' , in which a photoisomerizable moiety actuates a nonselective, large-pore, mechanosensitive channel from bacteria 4 . Although attractive, it is not clear whether this approach could work on smaller-gauge, selective pores, or how it could be extended to other classes of proteins.
We recently demonstrated a synthetic light gate for a potassium channel that works in cells. The light gate consists of a pore blocker attached site-specifically to the protein through a photoswitchable azobenzene linker 5 . The potassium channel is an attractive target for several reasons. The pore is symmetric and is very accessible, located in the center of a wide platform that can seat objects as large as peptide toxins. However, these features of the potassium channel are unusual. Most proteins have active sites or allosteric sites that bind ligands much more intimately, at higher affinity, and asymmetrically, via multiple spatially precise interactions in deep crevices. Furthermore, in allosteric sites, domain closure around the ligand is key to the regulatory signal. Thus, a generalizable method is still needed to control function in the broad spectrum of proteins that bind ligands in deep sites.
With this in mind, we chose as our next target for optical control the ubiquitous 'venus flytrap' or 'clamshell' ligand-binding domain that is homologous to periplasmatic binding proteins 6 . Ligandbinding domains of this type represent an ancient module for allosteric activation and are present in pharmacologically important receptors, including ion channels 7 and G protein-coupled receptors 8 . Using structure-based design, we have engineered an ionotropic glutamate receptor (iGluR) that can be turned on and off by irradiation with different wavelengths of light. Our device, termed LiGluR, thus functions as a light-and ligand-gated ion channel and can be used to rapidly and briefly inject current into cells with light.
The iGluR family members mediate the major excitatory currents in the central nervous system 9 . Structurally, they are tetrameric protein assemblies with subunits consisting of an extracellular N-terminal domain (NTD), an extracellular ligand binding domain (LBD) and a transmembrane domain (TMD) that forms the pore (Fig. 1b) 10 . The LBD closes like a clamshell as it binds the agonist glutamate. This reversible binding and closure is allosterically coupled, in an unknown way, to the opening of the pore. The detailed structures of the LBD of several iGluRs in their apo state or in complex with agonists (such as glutamate, kainate, AMPA or domoic acid) have been solved by X-ray crystallography [11] [12] [13] . These structures provide a vivid picture of how the LBD closes when the agonist binds.
Our approach to engineering LiGluR was to site-specifically attach a tethered analogue of glutamate containing a photoisomerizable azobenzene moiety to a 'lip' of the LBD clamshell (Fig. 1c) . In one state of the azobenzene, the LBD would not bind the tethered agonist and therefore would remain open. Only after isomerization would the tether present the agonist to the binding site and thus effect closure. Overall, the reversible switching of an azobenzene would allosterically trigger the opening and closing of the entire ion channel, mediated by the clamshell-like movement of the LBD.
We now report the successful implementation of this strategy. Using a rational, stepwise approach, we have synthesized a suitable tethered agonist and identified an effective point of attachment to create a light-gated ionotropic glutamate receptor.
RESULTS

Synthesis and evaluation of a tether model
Our design of a tethered agonist was based both on extensive structure-activity relationship analyses that have been performed on iGluR agonists 14, 15 and, notably, on the X-ray structure of the LBD of iGluR6 in complex with the agonist (2S,4R)-4-methyl glutamate (1; Fig. 2a ,c) 12 . It is evident from this structure that the ligand-bound form of the clamshell, although closed, features a narrow 'exit channel' . Our hope was that the exit channel would enable a tether appended to an agonist to protrude and reach an attachment site at the surface of the protein, while still permitting the clamshell to close over the agonist and activate the channel.
To explore the feasibility of this idea, we first synthesized a 'tether model' (3; Fig. 2a ). This compound is in essence an alkylated version of glutamate and resembles the known iGluR6 agonist (2S,4R)-4-allyl glutamate (2; Fig. 2a ) 15 . We have extended the allyl side chain of this compound to include a moiety that mimics half of an azobenzene. This partial tether should, in principle, be long enough to project out of the exit channel and thus serve to determine if a full-length azobenzene tether would impede LBD activation.
To assay LBD activation, we took advantage of the calcium permeability of iGluR6 (ref. 16 ). We expressed iGluR6 in HEK293 cells, loaded the cells with the fluorescent calcium indicator FURA-2-AM 17 and exposed them to various concentrations of agonist 2 or the tether model 3 to quantify receptor activation (Fig. 3) . Tether model 3 evoked large responses (Fig. 3b ). Allyl glutamate 2 had an EC 50 of 18 mM, whereas model 3 showed an EC 50 of 180 mM (Fig. 3d) . The maximal response of tether model 3 was similar to that evoked by saturating glutamate but was B30% lower than that of agonist 2, indicating that the side chain may interfere with clamshell closure to a minor degree (Fig. 3d) . These results suggest that tethering a glutamate analogue is possible while maintaining effective agonism. The loss in apparent affinity due to the side chain of model 3 should be compensated for by the high effective local concentration of a tethered ligand on its short leash.
Design and synthesis of a tethered agonist After evaluation of the stereochemistry and synthetic accessibility of several candidates, we decided to focus on a tethered agonist that we call MAG (4; Fig. 2b ). This compound features a cysteine-reactive maleimide ('M'), an azobenzene photoswitch ('A'), and a glutamate head group ('G'). As the iGluR X-ray structure on which our design was based provides only a snapshot of a flexible protein, a certain amount of conformational flexibility was also built into MAG by adding freely rotatable bonds to the linker. The UV-visible spectra of the cis and trans isomers of soluble MAG are typical of azobenzenes (data not shown). MAG was prepared by multistep synthesis featuring a Grubbs olefin metathesis, several amide couplings and an intricate sequence of protective group manipulations (Scheme 1). 2+ concentration at 380 nm and decreases at 500 nm. MAG does not confer light sensitivity to wild-type iGluR6-expressing cells (WT). Agonism by free MAG is transient and reverses upon washout for both iGluR6-L439C and wild-type iGluR6. IGluR6-L439C retains ability to be activated by free glutamate after MAG 4 conjugation. Note that Ca 2+ concentration was not measured during irradiation at 380 or 500 nm or during conjugation. 
The tether model 3 was prepared along similar lines (Supplementary Methods online).
Cysteine screening
In parallel to our synthetic work, we prepared a series of single cysteine mutants of iGluR6 by site-directed mutagenesis. The positions were chosen to form a perimeter around the exit channel, close to where the maleimide end of the tether was predicted to stick out (Fig. 2c) . Ca 2+ imaging was used to search for cysteine mutants that would provide optical activation after covalent attachment of MAG. Although Ca 2+ imaging has shortcomings for this application (slow kinetics and illumination at wavelengths that are absorbed by azobenzene, preventing continuous imaging that can follow the kinetics of the response), this assay enabled us to rapidly test 11 attachment positions and find three with clear responses to light, in which Ca 2+ concentration increased at 380 nm and declined back to basal levels at 500 nm. The recordings were done in the presence of concanavalin A to prevent desensitization. Of the three, the version of the receptor with a cysteine at 439 (iGluR-L439C) had the largest responses (Fig. 3e) . Because the rise in free cytoplasmic Ca 2+ concentration depends not only on influx through iGluRs but also on Ca 2+ buffering and pumping, we turned for further characterization to whole-cell patch clamping to measure the kinetics of channel gating directly and to obtain quantitative measures of activation efficiency.
Electrophysiological evaluation
Whole-cell patch clamping showed that iGluR-L439C conjugated with MAG (LiGluR) was activated both by free glutamate and by illumination (Fig. 4) . The photostationary cis/trans ratio of azobenzenes depended on the wavelength, with maximum cis state occupancy typically observed at B380 nm and maximum trans state occupancy observed at B500 nm 1, 18 . We therefore illuminated at 500 nm (to favor the inactive trans form) and tested illumination at wavelengths that ranged from 280 to 460 nm (to photoisomerize to the active cis form). The shortest test wavelengths evoked no response, the intermediate wavelengths evoked substantial inward currents and the longer wavelengths had smaller responses. The largest current was at 380 nm, agreeing with peak photoisomerization of free azobenzene to the cis form. To examine the opposite transition, we maximally activated the receptor with 380-nm illumination and tested wavelengths between 400 and 600 nm. Receptors were most efficiently turned off at 500 nm, agreeing with the peak photoisomerization of free azobenzene to the trans form. Thus, switching between 380 and 500 nm gave a maximal dynamic range for the optical control, and the degree of protein activation was precisely controlled at intermediate wavelengths.
Notably, the photocurrents were fully reversible and highly reproducible. Repeated switching between 380 and 500 nm evoked responses of similar amplitude over a period of more than 30 min, consistent with the resistance of azobenzenes to bleaching and demonstrating that the system is robust. Even with weak illumination from a standard fluorescent lamp, attenuated by passage through a monochromator and fiber guide, the receptor turned on and off rapidly (t on-380 nm ¼ 115 ± 3 ms and t off-500 nm ¼ 92.3 ± 0.3 ms; mean ± s.e.m., n ¼ 3) at a power of 12.4 W m -2 (irradiance at 500 nm).
LiGluR was turned on and off with light but was also activated by freely diffusible glutamate (Fig. 4) . The currents generated by irradiation were smaller than currents evoked by saturating concentrations of glutamate (300 mM) and by saturating concentrations of tether model 3 (Z1 mM). This could be due to incomplete labeling, but we consider that unlikely, because increased exposure (in either concentration or time) to MAG during the conjugation period did not change the size of the optical response. Alternatively, MAG may permit only partial closure of the LBD. Incomplete closure of the ligand-binding domain has been previously linked to partial agonism in the related iGluR2 channel 19 .
The efficient activation of iGluR6-L439C by MAG can be explained by a model that shows cis-MAG docked into the glutamate-binding site of the closed (activated) conformation of the LBD (Fig. 2d) . The linker between the glutamate head group and the azobenzene moiety can comfortably protrude through the exit channel, with the azobenzene almost completely exposed to solvent.
DISCUSSION
In the dark, azobenzenes thermally isomerize to the lower-energy trans state 18 . To obtain optical control of protein function but avoid the need for constant illumination, it is therefore preferable for the optically switched channel to be turned off in the trans state, as we have shown here for LiGluR. The structure of the LBD clamshells and the geometry of azobenzene photoisomers are perfectly suited for this arrangement. The LBDs have deep and narrow cavities without a straight pathway from the sites of covalent attachment to the binding site. As a result, when the trans form of the azobenzene extends the tether, it cannot point into the binding pocket, even if the flexibility of the linkers is taken into account (Figs. 1 and 2) . Photoisomerization to the cis form bends the tether and permits the agonist to turn into the mouth of the clamshell, reach the binding site and turn the protein on.
In principle, the approach we have used here should also work for tethered antagonists. In such a case it may be preferable to obtain ligand binding with a trans-azobenzene so that the engineered receptor can function only during timed bouts of illumination. This reverse arrangement should be possible for LBDs that have a tethering site that has an unobstructed, straight pathway to the binding pocket.
As clamshell-type LBDs are widespread in nature, our system could be extended to other proteins homologous to periplasmic binding proteins, such as the lac repressor 20 , the metabotropic glutamate receptors (mGluRs) 21 , NMDA receptors 22 , GABA B receptors, bacterial quorum sensors 23 and pheromone receptors 8 . Detailed X-ray structures and extensive structure-activity studies of agonists and antagonists also exist for other classes of LBDs. In each of these cases, the appeal of the approach is not only that the proteins can be turned on and off under remote control but also that the color of the illumination can be chosen to set the degree of activation.
The development of light-activated ion channels could have a major impact on neurobiology, and the reengineering of nature's molecular machines could also provide valuable devices for biosensing 24, 25 , bioelectronics 26 and nanotechnology 27 . Our synthetic azobenzeneregulated K + -channel (SPARK) functions, in essence, as a nanoscale photo-and field-effect transistor 3 . LiGluR, on the other hand, can be activated by light and soluble agonists. As the SPARK and LiGluR channels are each regulated by two different input signals, they literally function as logic gates (AND and OR gates, respectively). Future investigations will show whether these nanoscale devices can be interfaced with macroscopic systems.
METHODS
Synthetic protocols. See Supplementary Methods online.
Site directed mutagenesis. Cysteine point mutations were introduced to the iGluR6 DNA, containing glutamine at the position 621 RNA editing site 16 using the QuikChange site-directed mutagenesis kit (Stratagene). The following PCR profile was used: one cycle (95 1C for 30 s); 20 cycles (95 1C for 30 s, 55 1C for 1 min, 68 1C for 12 min). The forward and reverse oligonucleotide sequences designed for the L439C mutant were 5¢-GATTGTTACCACCATTTG CGAAGAACCGTATGTTCTG-3¢ and 5¢-CAGAACATACGGTTCTTCGCAAAA TGGTGGTAACAATC -3¢, respectively.
Cell culture and transfection. HEK293 cells were plated at approximately 3 Â 10 6 cells ml -1 on poly-L-lysine-coated glass coverslips (Deutsche Spiegelglas, Carolina Biological) and were maintained in DMEM with 5% fetal bovine serum, 0.2 mg ml -1 streptomycin and 200 U ml -1 penicillin at 37 1C. Cells were transiently transfected with various plasmids using Lipofectamine 2000 (Invitrogen). The amount of total transfected iGluR6 DNA and enhanced yellow fluorescent protein (EYFP) DNA per well was fixed at 4 mg and 200 ng, respectively. All recordings were carried out 36 to 48 h after transfection.
Attachment of MAG.
To conjugate MAG to cysteine mutants of iGluR6, the compound was diluted to 10-100 mM (final concentration 0.5-5% DMSO) in the HEK cell control solution, and the cells were incubated in the dark for 15-30 min.
Calcium imaging. Cells were washed in PBS and loaded with 5 mM FURA-2-AM (Molecular Probes) for 30 min. Changes of [Ca 2+ ] i in individual cells were measured as intracellular Fura2 fluorescence intensity using mercury arc lamp illumination. We alternated excitation with band-pass filters of 350 nm and 380 nm for 66 ms at 5-20 s intervals and detected emission at 545 nm 17 . Fluorescence was monitored on an inverted microscope system (Nikon). Images were captured with a charge-coupled device (CCD) camera using the Imaging Workbench software (INDEC Biosystems), which was also used to irradiate the cells at 380 and 500 nm for 1-2 min in order to produce photoisomerization of MAG. Measurements were performed in a control solution (in mM): 135 NaCl, 5.4 KCl, 0.9 MgCl 2 , 1.8 CaCl 2 , 10 HEPES and 10 glucose, pH 7.6, containing 300 mg l -1 concanavalin A type IV (Sigma) to block desensitization 28, 29 . L-Glutamate was applied as reported in text and figures. The results are representative data from multiple cells in at least two independent cultures.
Whole-cell patch clamping. Patch clamp recordings were carried out using an Axopatch 200A amplifier in the whole-cell mode. Cell voltage was held at -60 mV. Pipettes had resistances of 4-8 MO and were filled with a solution containing (in mM) 145 CsCl, 5 EGTA, 0.5 CaCl 2 , 1.0 MgCl 2 and 10 HEPES, pH 7.2. Illumination was applied using a TILL Photonics Polychrome II monochromator through a 60Â/1.2-W objective (power output: 12.4 W m -2 ; irradiance: 500 nm, as measured with a Newport optical power meter). Data was recorded with pClamp software (Axon Instruments), which was also used to control the monochromator.
Accession codes. Protein Data Bank: iGlu R6-methyl glutamate, 1SD3.
Note: Supplementary information is available on the Nature Chemical Biology website.
